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In our previous paper , we reported the forma tion of Ti-molecular complexes between variously substituted methoxyamphetamines and 1,4-dinitro benzene. The equilibrium constants for these pro cesses were determined by nuclear magnetic re sonance chemical shift measurements in carbon tetrachloride solution. For most complexes the measured association constants are linearly related to the values for the threshold dose for the hal lucinogenic activity of the methoxyamphetamines. It was found, however, that three of the amphetamine derivatives, 3,4-dimethoxyamphetamine, 2,3,4-trimethoxyamphetamine and 3,4,5-trimethoxyamphetamine have abnormally high association constants with the 1,4-dinitrobenzene, and therefore did not correlate well with their observed biological acti vity. It was concluded from these results that these particular amphetamines exhibit this anomaly be cause they encounter less steric hindrance in form ing the molecular complexes with the small 1,4-di nitrobenzene acceptor than they would with larger kinds of receptor sites, even though the smaller molecule may possess electronic features charac teristic of a biological system. In order to effect a better simulation of biological acceptor-donor inter action than possible with 1,4-dinitrobenzene, it was of interest to examine the formation of complexes of this kind in aqueous solution and with acceptors of larger molecules having greater steric complexity. Flavin mononucleotide (FMN) and flavin adenine * National Research Council Resident Research Associate, 1970 Associate, -1972 dinucleotide (FAD) are good electron acceptors. They readily form stable molecular complexes with phenols 2' 3, indoles 4, aromatic hydrocarbons 5, purines 6' 7 and chlorpromazine 8. Recently, Budini and Marinangeli 9 have reported that the free ener gies of complex formation of flavin derivatives and various psychoactive compounds of diverse mole cular structure are linear functions of the electron donating abilities of the drug molecules. In this paper, the formation of n-molecular com plexes between the psychoactive methoxyamphet amines and both FMN and FAD are described. The extent of the complex interactions has been measured in aqueous solution at room temperature by both fluorescence quenching and absorption spectro metry. Both the complex stability, as measured by the association constants, as well as the position, /max, of charge-transfer bands of the complexes were found to give good linear correlation with the threshold dose levels for all the methoxyamphet amines studied.
Materials and Methods

Materials
The FMN, FAD and p-methoxvphenylethylamine hydrochloride were obtained from Calbiochem and were used without further purification. Methoxysubstituted amphetamine hydrochloride or oxalate salts were supplied by Fox Chemical Co. and were chromatographically pure. The 3,4-methylenedioxyamphetamine, mescaline hydrochloride and amphet amine sulfate were obtained from Aldrich Chemical Co. The 3,4-methylenedioxyamphetamine was con verted to the hydrochloride salt by reaction with concentrated hydrochloric acid. The hydrochloride salt was recrvstallized from ethanol-water 1 :1 twice: m.p. 181 -182 °C.
Solid 2,4,6-trimethoxyamphetamine-FMN complex
The complex was prepared by dissolving 0.001 M each of 2,4,6-trimethoxyamphetamine hydrochloride and FMN monosodium dihydrate in 5 ml of water and cooling the solution at 0 °C for several hours. The solid was filtered and recrystallized from water; its m.p. was 161 °C decomposition. NMR results and elemental analysis indicated that the solid was a 1:1 complex. Complexes between other methoxyamphetamines and FMN have higher solubilities in water than FMN and could not be isolated in pure form.
Absorption spectrophotometric method
The absorption spectrum of the amphetamine-FMN complexes overlapped the absorption spectrum of FMN. The interaction between the amphetamines and FMN was studied with a Cary 14 spectrophoto meter in a 1 cm quartz cell equipped with a thermo stable sample-cell jacket. The measurements of ab sorption maximum of the complexes were made at a fixed acceptor concentration (3 .2 x 1 0~4m) with different amounts of excess donor in water solution at room temperature (2 5 ± 0 .5°C ). The concentra tion range of the donor was 8 x 10-3 to 1 x 10-1 M.
The acceptor was in both the sample and the re ference cells. The association constants, K, were determined by the modified Benesi-Hildebrand's equation 8>10: When 
Fluorescence quenching method
Fluorescence spectra of FMN or FAD with and without the donor compound were obtained with a Perkin-Elmer fluorescence spectrophotometer model MPF-2A equipped with a constant temperature jacket. The concentration of the flavin derivatives was 5.6 x 10-6 M and the concentration range of the donor was 6 X 10^4 to 1 x 1 0 -2M. The excitation wavelength was set at 460 nm. Quenching of flavin fluorescence was followed at 520 nm. The measure ments were performed in water and in 0.07 M potas sium phosphate buffer solutions at pH 7.
The following equation was used to determine the association constant6:
IJ1-1~[D ]0K
( 2) where / 0 is the fluorescence intensity of flavin, and 1 is the fluorescence of flavin in the presence of dif ferent concentrations of donor compounds. The symbol [i)]0 is the initial concentration of the donor compound (methoxyamphetamine).
Results and Discussion
Molecular complex formation of flavin mono nucleotide (FMN) with the various methoxyamphet amines in solution alters the characteristic absorp tion spectrum of the FMN molecule. An exampls of this effect on the FMN spectrum is shown in Fig. 1 . In water solution pure FMN (curve a) shows two absorption maxima in the near UV region, one at 375 nm, and another at 447 nm. The absorption spectrum of the equilibrium mixture of FMN and 2,4,6-trimethoxyamphetamine is shown as curve b.
Complex formation with FMN results in a decrease in the absorption maxima. Since the principal peak of the molecular complex spectrum is masked by the free FMN spectrum, the absorption maximum at longest wavelength of the molecular complex can be obtained by measuring the difference spectrum, which is shown as curve c in Fig. 1 . It is known that the lower energy of the absorbing electrons of the complex compared to FMN broadens and shifts the long wavelength FMN band toward the red. Similar changes in the spectra of flavin derivatives when involved in molecular complex formation have been reported previously for other donor mole cules7' n . It is observed that at constant concentra tion of donor and acceptor the intensity of this region increases as the temperature decreases since more complex is formed at lower temperature10.
There is no methoxyamphetamine absorption in this region. The wavelength of the maximum absorption at longest wavelength of the complex can be mea sured to an accuracy of i 0.5 nm.
The wavelengths of the absorption maxima at longest wavelength, the molar absorptivities, and association constants of the molecular complexes obtained from analysis of the spectra of these com plex mixtures of FMN and the various methoxyamphetamines are summarized in Table I . Usually when charge-transfer complexes are formed, a new band appears at the longer wavelength and the inten sity of the original absorption band decreases. The intensity loss of the original absorption band de pends upon the amount of complex formation. Oxi dized riboflavin is a weak acceptor and usually does not exhibit a charge-transfer band which could be regarded as evidence for the formation of classical charge-transfer complexes with the aromatic hydro carbons 5. For molecular complexes the absorption in the region of 490 nm is probably due to the charge-transfer complex formation. According to the theory of the charge-transfer complex12,13, the wavelength of the charge-transfer band for a series of complexes with a common acceptor species in creases approximately linearly with the ionization potential of the donor, which is theoretically equal to the energy of the highest filled molecular orbital ( £ h). The energy of the highest filled molecular orbital of methoxyamphetamines has been reported by Kang and Green14 . A correlation between the energy of the highest filled molecular orbital of methoxyamphetamines and the longest wavelength of the maximum absorption of FMN-methoxyamphetamine complexes has been found and indi cates that the new maximum absorption band of the complex is a charge-transfer band or at least in part due to the charge-transfer. There is no new absorp tion band in the region of 490 nm for isopropyl amine hydrochloride and riboflavin mixture. Kang and Green 14 found some correlation be tween the energy of the highest filled molecular or bital and the hallucinogenic activity of methoxy amphetamines measured by Shulgin et al. 15 . In com paring the activity of the methoxyamphetamines and the wavelength of the absorption band of the com plexes in the region of 490 nm, a good correlation is observed. The activities for 2,4,6-trimethoxyamphetamine and 2,3,6-trimethoxyamphetamine re ported by Kalbhen 16 were used for the correlation. The best fit calculation by the least-squares method gives the equation: Activity = 1.59 X -776.28 with the statistical significance r = 0.832, p < 0.001. This result indicates that the electron donating abi lity of the methoxyamphetamine is related to the biological activity of the methoxyamphetamines.
It has been proposed1' that steric requirements are also an important factor for psychotropic acti vity. The association constants for donor-acceptor molecular complexes are not only related to the electronic properties of the two components but also related to the steric structure of the donor and ac ceptor molecules 18. The association constants (sta bility) of the complexes of methoxyamphetamines and an electron acceptor may relate directly to the biological activity of the amphetamine derivatives if the electron acceptor has electronic and steric pro perties similar to those of the physiological receptor site.
The association constants for the complexes of methoxyamphetamines and FMN were determined by the absorption method as well as by the fluores cence quenching method. It was found that the values of the association constants determined by fluorescence quenching are greater than those de termined by the absorption method. Several mecha nisms which appear to operate in the quenching of fluorescence of aromatic molecules in solution are as follows: a. electronic energy transfer, b. chargetransfer interactions, c. chemical reactions, d. col lision, e. heavy atom or paramagnetic molecules due to intersystem crossing enhanced by spin orbit coupling. The charge-transfer and electron-transfer mechanisms of fluorescence quenching have been extensively investigated by Weller and co-workers 19, 20. The quenching efficiency of both mecha nisms depends on the oxidation and reduction poten tials (ionization potential and electron affinity) of donor and acceptor. The absorption and fluorescence spectra of the FMN and methoxyamphetamine mixture are stable in the experimental condition. Chemical reactions seem unlikely. In the presence of very high concentrations of donor compounds, the plot of (/<)//) -1 against [D]0 shows some de viation from linearity, but the quenching efficiency is higher at the lower temperatures. Therefore, quenching by collision is involved but is not an important factor. Oxygen, which provided the only paramagnetic molecules in the system, is not a good quencher in aqueous solution. In our experiment no new emission band was observed in the complex formation. The higher values of association con stants from fluorescence quenching may be due to the fact that association constants determined by fluorescence quenching may result from a combina tion of charge-transfer, electron-transfer, and some other quenching effect such as collision quenching, whereas the association constant determined by the absorption method is only a measurement of the absorption of the new species, presumably the charge-transfer complex. A very good correlation between the association constant determined by these two methods can be expressed as: £ (fluorescence quenching) = 1.372 £ (absorption) + 29.83.
The experimental error for the fluorescence quench ing and absorption methods is believed to be about 5% and 10%, respectively. The complex formation might be charge-transfer in nature, but other binding forces may also be in volved. The association constants determined by the emission method in buffer solution are lower than those determined in pure water solution, but the relative values are about the same as shown in Table I . Phosphate salts in buffer solution will in crease the ionic strength of the solvent and will decrease the formation of charge-transfer complexes and decrease the stability of the complex. It can be seen in Table I that changing solvent from water to 50% ethanol decreases the association constant for 4-methoxyphenylethylamine. Hydrophobic forces between the aromatic compounds may play a role in aqueous solution.
In general, the more methoxy groups on the amphetamine ring, the higher the association con stant of the complex. This relationship indicates that electrostatic forces may be important in the complex formation. The steric hindrance effect also plays an important role in the complex formation. With two methoxy groups on the amphetamine ring adjacent to each other, especially on the 2 and 3 positions, the stability of the complexes decreases drastically.
The relationship between the hallucinogenic acti vities of the methoxyamphetamines and the associa tion constants of the complexes between FMN meth oxyamphetamines in water, as determined by the fluorescence quenching method, is shown as a cor relation equation:
The correlation is significant (r = 0.847, P < 0.001). Since FMN is not the physiological receptor site and has a different steric structure from the real recep tor site, we should not expect a perfect correlation between activity and the stability of the complex. The deviation of some of the compounds such as 3,4-dimethoxyamphetamine and 4-methoxyamphetamine from the correlation line illustrates the ap parent differences in steric requirements between the drug-FMN and drug-receptor complexes. Table II shows the stability constants and other thermodynamic parameters for the complexes be tween FAD and some methoxyamphetamines. The stabilities of the amphetamine-FAD complexes are generally lower than those of the amphetamine-FMN, since FAD is a weaker acceptor. The thermo dynamic parameters of the methoxyamphetamine-FAD complexes are similar to those of tryptophan-FMN
The negative values of AH means that the association constants are higher at the lower tem peratures (or the complexes are more stable at the lower temperature).
In conclusion, the complex formation between methoxyamphetamines and FMN or FAD is chargetransfer and electron-transfer in nature, although other binding forces such as hydrophobic, electro static or vanderWaals forces may be involved in the complex formation. The steric hindrance effect also plays an important role in the complex forma tion. We have found correlations between the stabi lities, or absorption maxima in the longest wave length for the complexes and the biological acti vities of methoxyamphetamines. Although we can not predict the structure of the physiological re ceptor site at the present time, flavin derivatives appear to simulate the electronic and steric struc ture of the real receptor site to a degree. Complex formation with the receptor site appears to be a major factor contributing to the physiological acti vity of methoxyamphetamines.
We are indebted to Miss T. Oldfield for some spectroscopic measurements.
